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PREFACE

This publication is a compilation of documents presented at the First
NASA/Industry High-Speed Research Configuration Aerodynamics Workshop held on
February 27-29, 1996, at NASA Langley Research Center. The purpose of the workshop
was to bring together the broad spectrum of aerodynamicists, engineers, and scientists
working within the Configuration Aerodynamics element of the HSR Program to
collectively evaluate the technology status and to define the needs within Computational
Fluid Dynamics (CFD) Analysis Methodology, Aerodynamic Shape Design,
Propulsion/Airframe Integration (PAI), Aerodynamic Performance, and Stability and
Control (S&C) to support the development of an economically viable High-Speed Civil
Transport (HSCT) aircraft. To meet these objectives, papers were presented by

representatives from NASA Langley, Ames and Lewis Research Centers, Boeing,

McDonnell Douglas, Northrop-Grumman, Lockheed-Martin, Vigyan, Analytical Services,
Dynacs, and RIACS.

The workshop was organized in 12 sessions as follows:

« Introduction/Overviews

» Qverviews

* PATI

«PAIII

« Analysis and Design Optimization Methods
« Experimental Methods

« Design Optimization - Applications I

+ Design Optimization - Applications II

+ Design Optimization - Applications ITI/Validation
« Reynolds Number Effects

« Stability and Control

« High Lift

Appreciation is expressed to the individuals at NASA Langley, NASA Ames,
McDonnell Douglas, and Boeing who developed the structure and content of the
workshop; to the session chairs and speakers who contributed to the technical quality; and
to the many individuals who contributed to the administration and logistics of the
workshop. A list of attendees is included in this document.

Richard M. Wood
NASA Langley Research Center
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A Computational /Experimental Study of Two Optimized Supersonic
Transport Designs and the Reference H Baseline
Susan E. Cliff, Timothy J. Baker, Raymond M. Hicks, and James J. Reuther

1 Abstract

Two supersonic transport configurations designed by use of non-linear aerodynamic optimization methods
are compared with a linearly designed baseline configuration. One optimized configuration, designated Ames
7-04, was designed at NASA Ames Research Center using an Euler flow solver, and the other, designated
Boeing W27, was designed at Boeing using a full-potential method. The two optimized configurations and the
baseline were tested in the NASA Langley Unitary Plan Supersonic Wind Tunnel to evaluate the non-linear
design optimization methodologies. In addition, the experimental results are compared with computational
predictions for each of the three configurations from the Euler flow solver, AIRPLANE. The computational
and experimental results both indicate moderate to substantial performance gains for the optimized configu-
rations over the baseline configuration. The computed performance changes with and without diverters and
nacelles were in excellent agreement with experiment for all three models. Comparisons of the computational
and experimental cruise drag increments for the optimized configurations relative to the baseline show ex-
cellent agreement for the model designed by the Euler method, but poorer comparisons were found for the
configuration designed by the full-potential code.

2 Introduction

The High Speed Research (HSR) program was chartered to develop and evaluate non-linear aerodynamic
optimization methods. New methods were sought to design advanced configurations with substantial improve-
ments in the aerodynamic efficiency of supersonic transports designed by classical linear methods. The Boeing
Reference H configuration was used as the starting baseline geometry to evaluate the design methodologies
and determine if non-linear methods can improve the performance of linear-based designs. The Reference
H configuration was designed by Boeing Aircraft Corporation using linear based optimization methods, and
has been shown experimentally to have performance characteristics indicative of a good linear design. Al-
though non-linear methods have been used for several years to design configurations operating at transonic
speeds where the non-linear effects are large, this study represents one of the first applications of non-linear
optimization methods to supersonic transport design.

Two different non-linear optimization methods were used to redesign the Reference H configuration with the
objective of improving the aerodynamic performance at the supersonic cruise Mach number. The first method
was developed at NASA Ames Research Center using an Euler flow solver coupled to a unconstrained quasi-
Newton optimization algorithm [1, 2]. The second method was developed at the Boeing Aircraft Company
and used a full-potential flow solver coupled to an constrained optimization code [3]. For each of the optimized
designs, the wing camber and twist were modified while the planform and thickness distributions remained the
same as those of the Reference H configuration. The entire fuselage camber of the Boeing W27 configuration
was modified, whereas only the forebody camber was changed on the Ames 7-04 design. The geometries
resulting from the two optimization methods were very different, but both were predicted to have better
performance than the baseline.

An unstructured tetrahedral mesh generator capable of modeling complete aircraft was used in conjunction
with an Euler flow solver to evaluate the performance of the optimized configurations. The two codes together
are called AIRPLANE. The AIRPLANE code has been extensively evaluated on numerous configurations, and
has been shown to provide accurate and reliable results. AIRPLANE was used as part of the design process
at Ames to provide the differences in the surface pressures and forces between the complete configuration, and
the wing/body configuration. The differences in the lower surface pressures with and without nacelles from
the AIRPLANE solutions were added to the wing/body pressures computed within the optimization code, by
interpolating the pressures from ATRPLANE onto the nodes of the wing/body grid used during optimization.
This provided a method of incorporating the effects of the diverters and nacelles on the wing lower surface in
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the computations during optimization. ATRPLANE was also used to evaluate the complete configurations of
the intermediate and final designs obtained at Ames and Boeing.

This report compares the ATRPLANE computational results with experimental data for the final designs
of the two optimized configurations and the baseline Reference H configuration. The performance increments
of the optimized configurations relative to the baseline, and the performance differences of the configurations
with and without nacelles and diverters will be shown.

3 Experimental Models and Instrumentation

Wind tunnel models of the two optimized configurations were manufactured to the 1.675% scale of an existing
model of the baseline Reference H configuration. The models were made primarily of stainless steel, with
aluminum fore- and aft-bodies. A single set of aluminum nacelles was used on all models including the
baseline to eliminate nacelle manufacturing tolerance from becoming an issue in determining drag increments
between models. Individual diverters were manufactured to fit the different wing lower surfaces of each model.
The fuselage of the existing baseline model was truncated a short distance from the wing trailing edge and
bored to accept a balance/sting assembly. The optimized models were truncated at the same location, and
bored to accept the same balance. It was very important that the same balance be used with all models,
to eliminate the possibility of any discrepancies in the data resulting from different balances. The optimized
models were primarily force models, instrumented with only enough pressures for base and cavity corrections
to the balance data. These pressure taps were located within the balance cavity, on the base of the truncated
fuselage, and on the base of the nacelles. The baseline model had 177 static pressure ports that were not used
for this test.

The models were tested in the Langely Unitary Plan Supersonic Wind Tunnel (UPWT), at a Reynolds
number of 4.0 million per foot at Mach 2.4. The three models were tested with transition disks attached near
the leading edges of the model surfaces to promote transition from laminar to turbulent flow to simulate flight
boundary layer characteristics. The circular disks were 0.010 inches in height and placed 0.10 inches apart
on the fuselage and nacelle surfaces, and 0.20 inches apart along the highly swept leading edge of the wing
for more uniform spacing. The disks were located 0.4 inches from the wing leading edge, 1.0 inch from the
fuselage nose, and 0.875 inches from the nacelle leading edge. Transition was verified by use of a sublimating
chemical during the wind tunnel test. Installation photographs of the three configurations are shown in Figs

1-3.

4 Mesh Generation Issues and Computational Requirements

All computations were carried out with the ATRPLANE code [4, 5]. AIRPLANE uses a vertex based finite
volume method to solve the Euler equations on an unstructured tetrahedral mesh. The mesh generator employs
a Delaunay triangulation algorithm [6, 7] to create a tetrahedral mesh throughout the flowfield. ATRPLANE
has proven to be very reliable and capable of handling a variety of complex geometries. It has been used
extensively in several supersonic transport studies [8, 9, 10]. .

Unstructured tetrahedral meshes were developed for all three configurations with and without nacelles and
boundary layer diverters. The configurations were meshed in a modular fashion so that components could easily
be removed or interchanged, and meshes for different configurations could be generated in a straightforward
manner. The breakdown of the components for the baseline Reference H configuration are shown in Fig 4. The
thin boundary layer diverters made it challenging to obtain high quality surface meshes in the region where
the diverters attach to the wing lower surface. In order to obtain grids with accurate surface representation,
each nacelle and diverter comprised one component in the data set, where the diverter is extended through
the upper surface of the wing, and contains a portion of the upper wing surface (seen in the upper surface
view of the figure). Accurate grids in the nacelle/ diverter/wing region could successfully be obtained with the
nacelles and diverters as one component. In addition, the nacelle/diverter assembly could be easily removed
to generate a mesh for the wing/body configuration. The inboard wing and middle portion of the fuselage
comprised one component which was later split into two components for the Ames 7-04, and Boeing W27
configurations to more easily obtain accurate surface triangulations along the intersection between the wing
and fuselage. Accurate surface triangulations near intersections of adjoining components were easily obtained
since AIRPLANE contains logic which does not allow different components to triangulate together except at
the intersection between components. The mid and outboard portion of the wing were treated as separate
components split along the sides of the extended diverter in a streamwise cut to the wing leading edge. The
forward fuselage, and aft fuselage/horizontal tail were also defined as separate components, but could just as .
well have been combined to form a single component together with the mid-fuselage/inboard wing. Individual
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vertical tail and yahuddi components were used to take advantage of the logic within the ATRPLANE code to
provide accurate intersections between fuselage components.

The computations required approximately 1,000 iterations to achieve 4 orders of magnitude reduction of
the average residual at Mach 2.4. The computations were carried out on an IBM SP2 and a Cray YMP,
both located at Ames. The SP2 computer system consists of 160 IBM 590 processors running in parallel.
The parallelized version of the ATRPLANE code has been shown to give linear speed up [11] as the number
of processors is increased. Converged solutions for these cases (1,000 iterations) were achieved in under 25
minutes using 64 nodes with meshes of approximately 459,000 points and 2.77 million tetrahedral cells. The
solutions on a single processor on the Cray-YMP required approximately 3 hours for the same number of
iterations. The exceptional speed-up in computational time on the SP2 permitted computations of full polars
to be obtained within a reasonable turnaround time.

5 Corrections Applied to Computational Results

Several corrections were made to the computed axial force coefficients to compare the inviscid computations
with the experimental data. A flat plate skin friction coeflicient was calculated for the model scale and wind
tunnel Reynolds number and added to the axial force coefficients computed with ATRPLANE. The same skin
friction coefficient values were used for all three configurations. These values were 0.006314 for wing/body
computations, and 0.007196 for wing/body/nacelle computations. The skin friction of the diverters was
negligible and was not added. The drag associated with the trip disks used to promote transition from laminar
to turbulent flow in the wind tunnel was also applied to the computations. This value was estimated for the
Langley UPWT test using the data from a trip drag study on the baseline Reference H configuration in the
NASA Ames 9x7 Foot Supersonic Wind Tunnel. The results of this study showed that 2.0 counts of drag were
attributed to the trip disks on a 2.7% scale model with 0.01 in. trip disk height at Mach 2.4, and Reynolds
number of 3 million.

The accuracy of this number is questionable since it depends upon the overall accuracy of the drag mea-
surements in the test. This value could be in error by 20 percent, since the repeatability of the data from
the 9x7 test was approximately 0.25 to 0.5 count. To estimate a trip drag for the 1.675% scale model, the
2.0 counts were multiplied by the ratio of the model scales (0.027/.01675) to obtain 3.2 counts. This value
was added to the computed axial force coefficients of all configurations. The final correction was a scaling of
the flat plate skin friction values obtained for the baseline configuration by the ratio of the wetted areas of
each optimized configuration to that of the baseline. The full scale wetted areas for the three configurations
were 1.459 million sq in, 1.456 million sq in, and 1.467 sq in, for the baseline, Ames 7-04, and Boeing W27
configurations, respectively. The corrections are summarized below:

RefH
W/B 0.006314 + 0.00032 = 0.006634
W/B/N 0.007196 + 0.00032 = 0.007516
Ames7 — 04
W/B 0.006314(1.45617/1.45932) + 0.00032 = 0.006620
W/B/N 0.007196(1.45617/1.45932) + 0.00032 = 0.007500
BoeingW27
W/B 0.006314(1.46695/1.45932) + 0.00032 = 0.006667
W/B/N 0.007196(1.46695/1.45932) + 0.00032 = 0.007554

These values were added to the axial force coefficients obtained from ATRPLANE and the lift and drag were
computed by rotating the body axis forces (normal and axial) by the angle of attack to obtain the wind axis
forces (lift and drag).

Other corrections could have been made, such as obtaining different trip drag values with and without
nacelles, or adding the skin friction for the diverters, but these differences are probably less than 1 /10 of a
count and are not measurable; the short term repeatability of the data obtained in the Langley UPWT was
approximately 1.0 count.

6 Qualitative Results

The computed surface pressure coefficients for the three configurations are shown in isometric, front, and side
views in Figs 5-7. The AIRPLANE solutions were obtained at Mach 2.4, and a lift coefficient of 0.12. The
angles of attack needed to obtain a CL of 0.12 were; 4.25 degrees for the baseline and Ames 7-04 configurations,
and 6.25 degrees for the Boeing W27 configuration. The two degree increase in angle of attack needed to attain
a CL of 0.12 for the Boeing W27 configuration, was due to a drooped leading edge and lower wing incidence
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(compare front views of Figs 5-7). At a quick glance, the pressure contours on the lower surface look similar
for the three configurations (compare isometric views in Figs 5-7). The most noticeable difference is seen on
the fuselage near the inboard wing leading edge. The Ames 7-04 configuration exhibits more uniform pressures
in this region with more positive pressure than the Boeing W27 configuration, which should result in more lift
in this region. A large increase in the forebody camber of the Ames 7-04 configuration is evident in the side
views of the configurations (compare Fig 5 with Figs 6-7). A previous forebody camber optimization study,
using the method developed at Ames, found that increased camber reduced the cruise drag and increased the
pitching moment at zero lift on the Reference H configuration. Those results provided some assurance that
the increased fuselage camber of the Ames 7-04 configuration would have similar performance benefits.

Both methods of modifying the wing camber and twist during optimization resulted in surface waviness (seen
in the isometric views) on the two optimized configurations. The surface of the Boeing W27 configuration
is more wavy than the Ames 7-04 configuration, and is seen in both the chordwise and spanwise directions,
whereas the Ames configuration waviness is primarily in the spanwise direction. The assumption in the
Ames design is that configuration waviness in the streamwise direction is more likely to increase form drag
than in the spanwise direction, since the flow is predominately chordwise. The lack of smoothness in the
spanwise direction for the Ames configuration results from localized modifications in the spanwise direction.
The waviness could be reduced by using less wing defining sections, but this would limit the design space.
The gradient information for inviscid flow (the partial derivatives with respect to the design variables) may
not be accurate enough to detect small changes in the forces related to surface waviness. The surfaces of the
final designs from both optimization methods were smoothed prior to model construction and the AIRPLANE
evaluations. The amount of surface waviness which can be tolerated needs to be studied to determine criteria
for acceptable levels of surface waviness.

Planform views of the AIRPLANE upper and lower surface pressures for the optimized configurations are
shown in Figs 8-9. The upper surface oblique shock is notably stronger on the Ames 7-04 configuration than on
the Boeing W27, but since the drag of the Ames 7-04 configuration is less than the Boeing W27 configuration,
the lower induced drag of the Ames 7-04 configuration may offset the increased wave drag from the stronger
oblique shock. The lower surface Cp’s of the Boeing W27 configuration change rapidly near the leading edge of
the wing, due to a cusp on the lower surface. The waviness in the Boeing W27 lower wing surface is reflected
in the pressure coefficients.

An enlarged view near the nacelles and diverters of the Ames 7-04 configuration is shown in Fig 10. Diligent
care and effort were required to obtain the accurate surface grids shown in this figure. The outboard sides
of the diverters, which can be seen in this view, are extremely thin and their height compares with that of
the boundary layer thickness at the inlet for the flight Reynolds number. This severe geometric constraint
made it challenging to obtain the necessary level of surface accuracy for these configurations. The surface is
colored by the computational pressure coefficient at the cruise flight condition: M=2.4, CL = .12. The high
pressures resulting from the nacelle shocks on the wing lower surface are evident in the figure. The lower
surface pressures between the nacelles with the nacelle/diverter component removed are shown in Fig 11. A
increase in pressure on the lower surface is seen from the combined effects of the inboard and outboard nacelle
shocks. The inboard nacelle shock strikes the lower portion of the fuselage. The increased pressures on the
upper portion of the fuselage are from the trailing wing shock. Colored contour lines of the same pressure
coefficient are displayed against the surface of the Ames 7-04 configuration in Fig 12.

7 AIRPLANE Force and Moment Predictions

The aerodynamic force and moment coefficients predicted by ATRPLANE for all three configurations with and
without nacelles and diverters are shown in Figs 13-18. The plots of lift coefficient versus angle of attack are
shown in Figs 13 and 14. The Boeing W27 configuration requires a two degree increase in angle of attack to
attain a lift coefficient comparable to the baseline Ref H and Ames 7-04 configurations. The computations of the
configurations with nacelles and diverters result in a 0.01 increase in lift coefficient compared with wing/body
results due to the added lift from the high pressures of the nacelle shocks on the wing lower surface. The Ames
7-04 configuration requires a slightly lower angle of attack to attain lift coefficients comparable to the baseline
configuration. Both optimized configurations are predicted to have more positive pitching moments than the
baseline configuration which should reduce the trim drag of the aircraft (Fig 15). Drag polars are shown in
Figs 16-18. An increase in drag associated with the nacelles and diverters is evident for the complete polar
shown in Fig 16. This drag increase is primarily due to the skin friction of the nacelles, which accounts for
approximately nine drag counts. An enlarged polar near zero lift is shown in Fig 17. The three wings can be
easily compared in this figure. The Ames 7-04 configuration is predicted to have less drag than the W27 or Ref
H configurations with and without nacelles and diverters. The Ames 7-04 configuration has approximately a 2
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to 3 drag count improvement over the baseline, whereas the Boeing W27 has a 0 to 2 drag count improvement
near zero lift. The polars are shown for lift coefficients near the design in Fig 18. The AIRPLANE results for
the Ames 7-04 configuration show a 6.8 count improvement for the wing/body, and a 5.7 count improvement
with nacelles and diverters compared with the baseline. The Boeing W27 configuration is predicted to have a
4.0 count improvement for the wing/body, and a 4.5 count improvement with nacelles and diverters.

8 Experimental Results: Wing/body

The experimental force and moment coefficients for the two optimized and baseline wing/body configurations
are shown in Figs 19-24. Three repeat runs are plotted with the same line type, and without symbols, for each
of the three configurations. The two degree shift in the lift curve predicted by AIRPLANE for the Boeing
W27 configuration is also seen in the experimental results (compare Figs 14 and 20). Approximately 0.03
degrees angle of attack scatter band width is seen in the repeat runs (Fig 20). An error in angle of attack of
this magnitude can result in a drag coefficient error of approximately 0.5 count at a lift coefficient of 0.1 and
a Mach number of 2.4.

The pitching moment data shows the same relative trends that were predicted by ATRPLANE, with the
optimized configurations having more positive moments than the baseline configuration. The experimental
pitching moment data will be compared with the AIRPLANE computations in a later section of this report.

The drag polar near zero lift (Fig 23) shows that the Ames 7-04 configuration has less drag than the other
configutations for lift coefficients greater than zero. The performance of the Boeing W27 configuration is poorer
than the baseline for lift coefficients less than 0.08. The AIRPLANE wing/body results, Fig 17, showed similar
trends. However, the lift coefficients at which the optimized configurations begin to outperform the baseline
are approximately 0.015, and 0.05 for the Ames 7-04 and Boeing W27 configurations, respectively (compare
Figs 17 and 23). Performance improvements of the optimized configurations near the design lift coefficient
are seen in the partial drag polars shown in Fig 24. The experimental results for the Ames 7-04 model show
a 6.5 count drag reduction relative to the baseline. This substantial performance improvement is in excellent
agreement with the predicted 6.8 counts from the ATRPLANE computations (compare with Fig 18). The
experimental performance improvement of the Boeing W27 relative to the baseline is smaller than expected,
only 1.3 counts, compared with a 4.0 count improvement predicted by AIRPLANE. Disagreement between
AIRPLANE and experiment will be discussed in later sections of this report. The three repeat runs in Fig 24
show some scatter in the drag for all three models. For example, 0.75 counts scatter is seen for the baseline
model at CL of 0.12, and a 0.60 counts scatter for the 7-04 configuration at CL of 0.105. This will later be
shown to be associated with scatter in the angle of attack data.

9 Experimental Results: Wing/Body/Nacelle/Diverter

The experimental force and moment coefficients for the optimized and baseline configurations with nacelles
and diverters are shown in Figs 25-30. The drag results shown in Figs 28-30 validate the use of non-linear
methods for the design of realistic supersonic transport configurations. The Ames 7-04 configuration shows
improvement over the baseline for nearly all positive lift coefficients, with the largest improvement near the
cruise lift coefficient. The experimental results at cruise show that the Ames 7-04 model has a 5.4 drag
count reduction compared to the baseline. These experimental results of the complete Ames 7-04 model are
in excellent agreement with the AIRPLANE computations which predicted a 5.7 count improvement. The
performance gains are over a wide range of lift coefficients increasing the significance of the performance
benefits of this design.

The Boeing W27 performance gains are greater with nacelles and diverters; the data shows a 2.0 drag count
improvement, whereas only 1.3 counts were attained for the wing/body configuration. The AIRPLANE results
also predicted a performance gain for the complete W27 configuration relative to the baseline. The improve-
ment over the baseline begins at nearly the same lift coefficient (CL = 0.08) as the wing/body configuration.
The scatter in the experimental data, for the three repeat runs, is nearly one count for all configurations (Fig
30). The difference in the computational and experimental results are much larger for this configuration.

10 AIRPLANE vs Experiment: Reference H

The AIRPLANE results for the baseline Reference H configurations with and without nacelles and diverters
are compared with experiment in Figs 31-36. The AIRPLANE computations are plotted with symbols and
experiment without symbols, since the computational data is sparser than the experimental data, and it would
be difficult to see the small difference in repeat runs if the experimental data were plotted, as is typically done,
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with symbols. The computational lift curves correlate well with the experimental data (Figs 31-32). The
comparisons are slightly better for the complete configuration at the larger lift coefficients. This may be due
in part to the smaller angle of attack required for the complete configuration compared with the wing/body
model, for a fixed lift coefficient, since attached flow is more likely at lower angles of attack.

The pitching moment comparisons (Fig 33) are typical for an inviscid code. The computations predict more
stability and nose down pitching moment than experiment. The computational and experimental results both
show a more gradual pitch up for the complete configuration than the wing/body. The addition of the nacelles
and diverters also result in a more negative CMo than the wing-body results, as would be expected from the
increased lift on the aft portion of the wing from the nacelle shock waves impinging on the wing lower surface.

The comparisons of the drag polar near zero lift show excellent agreement between the ATRPLANE results
and experiment (Figs 34 and 35). All computations shown are within 0.25 counts of experiment. The results
near cruise (Fig 36) show a 1.3 and a 1.5 count difference between computation and experiment for the
wing/body and wing/body/nacelle/diverter configurations, respectively.

11 AIRPLANE vs Experiment:Ames 7-04

The computational/experimental comparisons for the Ames optimized model with and without nacelles and -
diverters are shown in Figs 37-42. The lift curves (Figs 37-38) correlate very well; the ATRPLANE curves
exhibit a small positive shift in CLo indicating a small increase in effective camber for the Ames 7-04.

The pitching moment comparisons (Fig 39) show similar trends as was shown for the baseline, with the
computations showing more stability and nose down moments near cruise. Less pitch up is again observed for
the configuration with nacelles and diverters.

The Ames 7-04 wing/body and complete configuration computational results presented in Fig 41 both
slightly over predict the drag by approximately 1.3 counts at zero lift, but near a lift coefficient of approximately
0.08 the computations agree precisely with experiment. The results at cruise (Fig 42) show a 1.6 and a 1.9
drag count difference between AIRPLANE and experiment for the wing/body and complete configurations,
respectively.

12 AIRPLANE vs Experiment:Boeing W27

AIRPLANE and experiment are compared for the Boeing W27 configurations in Figs 43-48. The lift curve
correlation is good (Figs 43-44). The moment data comparisons show the increased stability of the computa-
tions relative to experiment, similar to that shown for the baseline and Ames 7-04 models. The AIRPLANE
drag polar near zero lift (Fig 47) shows excellent agreement with experiment. The wing/body computations
match experiment very well for lift coefficients less than 0.04, but the curves begin to separate at larger lift
coefficients. The wing/body/nacelle/diverter drag data comparisons show less than 0.25 counts difference near
zero lift. The curves diverge at larger lift coefficients with approximately a 2.0 count difference at a CL of
0.08.

Poor correlations are shown near cruise in Fig 48. The increments between computation and experiment
show a 3.5 and 4.3 drag count difference for the wing/body and complete configurations, respectively. This
discrepancy in drag may be due in part to separation on this model, or some other viscous phenomenon not
modeled in the Euler computations. The experimental angle of attack measurements will be shown to be a
source of error in the wind-axis force coefficients. Normal and axial force coefficients for the wing/body and
complete configurations will be compared in the following section to eliminate any error associated with the
measurement of the experimental angle of attack.

13 Body Axis Force coefficients Comparisons

The computational and experimental normal and axial force coefficients are compared for the the optimized
and baseline wing/body configurations in Figs 49-50. Notice that the experimental repeat runs have very little
scatter in the data, whereas the wind-axis data showed scatter of approximately 1.0 drag count. This indicates
that the scatter in the experimental drag polars was due to inaccuracies in the angle of attack measurements.

The computational and experimental correlations of the normal versus axial force curves are very good for all
configurations. Even the curvature of the Ames 7-04 axial force curves is accurately predicted by ATRPLANE.
The shape of the Ames 7-04 axial force curves indicate somewhat desirable characteristics for this design, since
the largest reduction in axial force occurs near the design lift coefficient, and the gradual curvature indicates
that the improvement will be realized off-design. The cruise normal force and lift coefficients are not greatly
different since the design angle of attack is only 4.50 degrees. The axial force coefficients are significantly lower
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for the Boeing W27 configuration than the other configurations. However, one cannot compare the cruise
performance characteristics of the models using the axial force data since the angle of attack needed to attain
the same lift coefficient is approximately two degrees larger for the W27 than that required for the other
models. The net effect is that at cruise the Boeing W27 configuration is superior to the baseline, but still has
more drag than the Ames model. The plot is enlarged near a normal force coefficient of 0.12 in Fig 50. The
differences in the axial force coefficient at CN of 0.12 are 0.0, 0.75, and 1.25 axial forces counts for the baseline,
Ames 7-04, and Boeing W27 configurations respectively. This represents a significant improvement over the
comparisons for the wing/body wind-axis data, those increments were: 1.3, 1.6, and 3.5 drag counts for the
baseline, Ames 7-04, and Boeing W27 configurations, respectively. The better computational /experimental
correlations for the body-axis force coefficients and the absence of scatter in the experimental repeat runs
clearly indicates that the inaccuracies in the experimental angle of attack are responsible for a large portion
of the drag discrepancies between AJRPLANE and experiment for the Boeing W27 configuration. The reason
that the scatter in the angle of attack for W27 is greater than that for 7-04 is not clear.

The body-axis correlations for the configurations with nacelles and diverters are shown in Fig 51-52. The
baseline and Boeing W27 ATRPLANE results were obtained with the diverter truncated at the trailing edge
of the wing resulting in a rearward facing step. The aft portion of the actual diverter was smoothly closed
with a ramp tangent to the upper surface at the trailing edge of the wing, provided this resulted in a ramp
which intersected the nacelle.

‘Modeling the aft portion of the diverter with a step as opposed to the ramp used on the wind tunnel models
will later be shown to account for only 0.3 drag counts. The computed axial force data for the complete
configurations correlate well with experiment. The plot (Fig 52) near a normal force coefficient of 0.12 shows
increments of approximately 1.4, 0.86, and 2.8 axial force counts for the baseline, Ames 7-04, and Boeing W27
configurations, respectively. There is again substantially less differences in the body-axis comparisons than
the wind-axis comparisons, which were: 1.5, 1.3, and 4.3 drag counts for the baseline, Ames 7-04, and Boeing
W27 configurations, respectively.

14 Experimental Data Recomputed Using the Computational Angle of Attack

Since the experimental angle of attack measurements have been identified as a source of error in the exper-
imental drag measurements, the computational angle of attack can be used to recompute the experimental
lift and drag coefficients using this angle and the experimental normal and axial force coefficients. This will
allow comparisons to be made of the computational and experimental drag polar data with consistent angle
of attack values and show the importance that angle of attack makes to the drag and lift coefficients.

The experimental drag polar for the Boeing W27 wing/body configuration was recomputed using the angle
of attack computed by ATRPLANE at the experimental lift coefficient. The original experimental data and
the AIRPLANE computation are compared with the re-computed experimental data using the computational
angle of attack in Figs 53-54. The computational and experimental data correlations remain largely the same
at low lift coefficients, but the discrepancy between ATRPLANE and experiment using the computational
angle of attack is significantly reduced at larger lift coefficients. The enlarged view of the results near the
design lift coefficient (Fig 54) show that the computational and experimental data are within 1.5 drag counts,
instead of the 3.5 count increment that was obtained with the original wind tunnel data.

The results for the Ames 7-04 wing/body configuration are presented in Figs 55-56. The comparison of the
experimental data using the computed alpha is nearly indistinguishable from the ATRPLANE results (Fig 55).
The results near the design lift coefficient (Fig 56) show that computational data is nearly coincident with the
recomputed experimental data, whereas the original results had approximately 1.6 counts discrepancy.

The baseline Reference H wing/body comparisons of the experimental data using the CFD angle of attack
and AIRPLANE are shown in Figs 57 and 58. The computational data now coincides with the recomputed
experimental data (Fig 57). The increment between the computational data and the recomputed experimental
data is now within approximately 0.5 count near cruise, whereas the original data had a 1.5 count discrepancy
with the ATRPLANE computations.

The experimental results using the ATRPLANE computational angle of attack for the optimized and baseline
wing/body configurations are compared in Figs 59-60. The polar near the cruise lift coefficient (Fig 60) shows
that the Boeing W27 configuration has a 2.5 drag count improvement relative to the baseline, whereas the
original experimental data showed a 1.3 count improvement. The Ames 7-04 configuration has nearly the
same performance improvement as with the original data. This indicates that the experimental angle of attack
measurements may be worse for the Boeing W27 model. If the Boeing W27 has regions of separated flow, it
might be evident in the experimental colored oil flow pictures presented in Fig 61. The upper surface flow on
the Ames 7-04 and Boeing W27 models at cruise conditions, M=24, CL = 0.12, are shown. Oblique shocks
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on the upper surface of both optimized configurations were predicted by AIRPLANE (see Figs 8-9). The
shocks begin near the root and lie nearly parallel to the mid-wing leading edge. This shock extends to the
wing trailing edge near the outboard side of the outboard nacelle on the Ames 7-04 model, whereas the oblique
shock on the Boeing W27 is weaker and does not extend to the trailing edge. These shocks can be seen in the
experimental oil flow photographs by the change in flow direction of the oil. They appear to be positioned
in nearly the same location as predicted by ATRPLANE, and appear to have the relative strengths that were
predicted for the configurations (compare Fig 61 with Figs 8-9). The lack of oil on the inboard wing panels
near the side of body indicates that the flow has separated in this region on both configurations. This could
be caused by a vortex formed at the root leading edge of the wing or could be due to the flow separating at
the trailing edge or a combination of both. The photographs alone are not sufficient to positively determine
the flow phenomena of the configurations.

15 Ames 7-04 vs Baseline: Wing/Body Comparisons

The data presented in this and the next three sections were shown in the previous sections, without overlay-
ing the the computational and experimental data for the optimized and baseline configurations. The previous
sections were focused on the increments between the computational and experimental data. However, a compu-
tational tool like ATRPLANE has two functions. One function is to determine the aerodynamic characteristics
of a given configuration, which is usually accomplished by comparing the computational and experimental
force and moment coefficients. The second and equally important function of a CFD method is to predict the
performance effects due to a design change to any aircraft component. This and the following three sections are
focused on the performance increments, obtained with ATRPLANE and experiment, between the optimized
and baseline configurations.

Computational and experimental comparisons of the Ames 7-04 and baseline wing/body configurations are
shown in Figs 62-67. The computational and experimental lift curves show a small increase in lift curve slope
for the Ames 7-04 configuration relative to the baseline configuration. This change in slope could be attributed
to more vorticity on the Ames 7-04 model than the baseline configuration. The computational/experimental
correlations of the lift curves of both configurations are good, but the slope of the computational curves are
larger than experiment (Figs 62-63).

The computational and experimental data both show that the Ames configuration has more positive pitching
moments than the baseline configuration. The computational and experimental moment curves appear rotated
about the point of zero lift. The rotation of the computational moment data is in the expected direction for
an inviscid code. The pitching moment increments between the Ames 7-04 and baseline configurations are
nearly the same for computation and experiment. This indicates that AIRPLANE is capable of accurately
predicting the moment changes from camber and twist, but over estimates the stability.

The computational and experimental drag polars are rotated near zero lift for the Ames 7-04 configura-
tion (Fig 66). The computational data indicates that the Ames 7-04 has less drag than the baseline for lift
coefficients greater than 0.02, whereas the experimental data indicates that the Ames 7-04 model performs
better for lift coefficients greater than 0.0. Overall, the computational and experimental drag increments
between the Ames 7-04 and baseline configurations correlate well. Experiment shows that the two config-
urations have equivalent drag at zero lift, whereas AIRPLANE shows a 1.0 count performance penalty for
the baseline. The computational and experimental performance increments as well as the absolute drag level
of the two configurations are identical for lift coefficients between 0.07 and 0.10 (Fig 66). At CL 0.12, the
AIRPLANE computations show a 6.8 count improvement of the Ames configuration relative to the baseline
whereas experiment shows a 6.5 count gain (Fig 67).

16 Boeing W27 vs Baseline: Wing/Body Comparisons

Computational and experimental force and moment data for the Boeing W27 and baseline wing/body con-
figurations are presented in Figs 68-73. The computational and experimental increments in lift coefficient
between the two configurations correlate well, both show a two degree increase in angle of attack required for
the Boeing W27 to attain the CL of the baseline (Fig 69). AIRPLANE predicts a very small increase in lift
curve slope for both configurations relative to experiment. Because this increase in lift curve slope is nearly
the same for the two configurations, the computational and experimental lift coefficient increments correlate
well for the full range of angles of attack.

The pitching moment data increments are not as well predicted as for the Ames configuration (compare Fig
71 with Fig 65). ATRPLANE predicted a less positive shift in moment than was obtained experimentally, the
difference in the increments is 0.005. The Baseline computational/experiment correlations are better than for
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War7.
The computational and experimental performance increments of the W27 configuration relative to the

baseline configuration are in excellent agreement near zero lift coefficient. (Fig 72). AIRPLANE shows a 3.0
count performance penalty for the W27, and experiment shows a 3.25 count penalty. The correlations begin
to deteriorate rapidly for lift coefficients above 0.04. At cruise, ATRPLANE predicts a 4.0 count improvement
and the experimental data shows 1.3 counts (Fig 73). The experimental measurements of the angle of attack
were identified and discussed previously as a primary source of these discrepancies.

17 Ames 7-04 vs Baseline: Wing/Body/Nacelle/Diverter Comparisons

Computational and experimental comparisons of the Ames 7-04 and baseline configurations with nacelles and
diverters are shown in Figs 74-79. The baseline and Ames 7-04 configurations have very similar lift curves,
and the experiment/ ATRPLANE correlations are good. AIRPLANE has a slightly larger lift curve slope than
experiment for the Ames 7-04 configuration, but predicts nearly the same slope as experiment for the baseline
configuration (Fig 75). The overprediction of the Ames configuration lift curve slope, results in an increment
in CL of 0.004 for AIRPLANE, and 0.0022 for experiment near cruise. The pitching moment increments
between the Ames 7-04 and baseline configurations are nearly equal for the computations and experiment (Fig
76). The stability is again overpredicted by AIRPLANE. The drag increments of the Ames 7-04 relative to
the baseline for lift coefficients between 0.05 and 0.125 are nearly the same for AIRPLANE and experiment
(Figs 78 and 79). However, the increments at zero lift are approximately 1.3 counts for AIRPLANE , whereas
experiment shows approximately a 0.5 counts increment; both experiment and AIRPLANE predict the the
poorer performance of the 7-04 configuration relative to the baseline at this condition. The increments at
cruise are predicted to be 5.7 counts from AIRPLANE , and 5.4 counts from experiment.

18 Boeing W27 vs Baseline: Wing/Body /Nacelle/Diverter Comparisons

Computational and experimental comparisons of the Boeing W27 and baseline configurations with nacelles and
diverters are shown in Figs 80-85. The angle for zero lift for the complete W27 configuration is 0.10 deg. larger
for AIRPLANE than experiment. Note that the experimental measurements may not be accurate as discussed
earlier. The moment comparisons in Fig 82, indicate that AIRPLANE does not predict the extent of pitch-up
shown in the experimental results for either configuration. Pitch-up begins at a lower lift coefficient for the
W27 configuration than for the baseline, which may indicate more separation on the W27 configuration than
the baseline at and above cruise lift. The drag coefficient increments are in poor agreement with experiment
(Figs 84-85). The AIRPLANE computations show larger performance improvements for the W27 relative to
the baseline for nearly all lift coefficients. The correlation of the computational and experimental performance
increments worsen with increasing lift.

19 Nacelle Orientation: Performance Effects

Upon the completion of the design optimization process, it was necessary to attach the nacelles to the opti-
mized wing lower surface, without loss of performance. In previous studies [8, 10] it has been shown that this
can be accomplished by maintaining the height of the baseline Ref H diverter at the leading and the trailing
edge corners. These three points are identified on the diverter/wing intersection of the baseline configura-
tion, and then projected vertically onto the optimized wing surface. The projected points on the optimized
wing surface are then used as targets to aid in the alignment of the nacelle/diverter on the optimized con-
figuration. The baseline nacelle/diverter assembly is moved such that the leading and trailing edge points
on the baseline diverter/wing intersection nearly match the projected points on the optimized wing. After
moving the nacelles and diverters using this method, the diverter height is again equal to the boundary layer
thickness at the leading edge, with minimum height at the trailing edge, as with the ‘baseline configuration.
A new diverter/wing intersection is then derived for the optimized configuration by vertically projecting the
nacelle/diverter intersection onto the optimized wing.

This method was initially used to attach the nacelles of the optimized wind tunnel models. But, the
possibility of channel flow between the nacelle and wing was considered, since the distance between the wing
and nacelle were not equal on the inboard and outboard sides of the diverter. However, this was not a concern
on the original Ref H configuration which had unequal diverter sides. But, the possibility of channel flow could
easily be eliminated on the optimized configurations by rolling the nacelles about their centerline, to achieve a
more equal heights along the sides of the diverters, resulting in the nacelles being nearly perpendicular to the
lower surface. An aft view of the nacelle/diverter region of the AIRPLANE surface grid for the Ames 7-04
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configuration with the nacelles/diverters in the original and modified orientations is shown in Fig. 86. The
inboard side of both diverters is shorter than the outboard side when the nacelles are in the original orientation.
The nacelle and diverters were rotated about the center of the nacelle until the sides of the diverter were of
equal height when measured at the middle of the diverter side. This resulted in the diverter/wing intersection
shifting inboard from the original intersection, as is seen in the planform view of the Ames 7-04 configuration
in Fig 87. Note that the inboard intersections have moved more than the outboard, reflecting a greater
orientation change for the inboard nacelle.

The AIRPLANE aerodynamic characteristics for the Ames 7-04 with the nacelles in the original orientation
are compared with the nacelles placed nearly normal to the wing lower surface in Fig 88. Almost no discernible
differences can be seen in the lift and moment curves. But, approximately a 0.3 count drag penalty is shown
for the new orientation. The penalty is attributed to the nacelles not being oriented in this position during
optimization.

The Boeing W27 configuration was also evaluated using AIRPLANE with the original nacelle orientation
and the nacelles rolled approximately normal to the lower surface. An aft view of the nacelle/diverter region
of the Boeing W27 configuration with the nacelles/diverters in their original position (top) and aligned normal
to the lower surface (bottom) is shown in Fig. 89. The non-equal sides of the inboard nacelle can be seen in
the figure. The nacelle appears to have larger differences in the heights of the sides of the diverter than for the
Ames 7-04. This is because when the nacelle is moved using the 3-point method an optimization process takes
place. It is usually only possible to exactly match one of the three projected surface points which is chosen to
be the leading edge of the diverter, the other two trailing corner points are as closely aligned as possible. This
can result in different heights of the diverter at the trailing corners on the optimized configurations relative to
the baseline. The greater differences in diverter heights results in larger shift of the diverter-wing intersections
for the Boeing W27 (Fig 90) than for the Ames 7-04 configuration (Fig 87).

The AIRPLANE aerodynamic characteristics for the different nacelle orientations on the Boeing W27 are
shown in Fig 91. Again, there is no discernible differences in the lift and moment curves. However, there
is approximately a 0.3 count drag improvement for the new orientation. The performance improvement is
attributed to the nacelles being oriented in this position during optimization.

20 Aft Modeling of Diverters: Performance Effects

The aft portion of the diverter was modeled in AIRPLANE in two ways. The first way, and easiest to grid,
was to truncate the aft portion of the diverter at the trailing edge of the wing. This results in a rearward
facing step, which would cause separation in the wind tunnel, but since AJRPLANE is an inviscid code, the
forces from this region would be inaccurate. Fortunately, the base of the diverter is fairly small, so the drag
increment should be small. The second method of modeling diverter closure was to add a ramp tangent to the
upper surface trailing edge of the wing, provided the resulting ramp intersected the nacelle. This method was
used to smoothly close the diverters on the wind tunnel models.

The AIRPLANE surface grid, colored by the surface normal, with truncated and ramped diverters are
shown for the Ames 7-04 and Boeing W27 configurations in Figs 92 and 93, respectively. The changes to
the aerodynamic coefficients of the Ames 7-04 and Boeing W27 configurations are shown in Figs 94 and 95,
respectively. Both configurations show no difference in the lift and moment coefficients, the drag coefficient is
reduced by approximately by a third of a count for the ramped diverters, compared with the truncated, stepped
diverters. This difference is small enough that the diverter could be truncated in ATRPLANE computations
for intermediate designs evaluations to expedite the grid generation process.

21 Computational Pressure Distributions: Spanwise Cuts

A planform view of the AIRPLANE lower surface pressures for the Ames 7-04 configuration is shown in Fig
96. The streamwise and spanwise cut locations are superimposed on the lower surface pressures to identify the
source of shocks when studying the wing/body pressure distributions in the following figures where the flow
from the nacelles causes rapid changes in the wing pressures. Spanwise pressure distributions and geometry
for the two optimized and baseline configurations are shown in Figs 97-106. The geometrical cuts are taken
for the three configurations, without angle of attack changes. The conditions were: Mach 2.4, CL = 0.12.
The computational angle of attack for the baseline and Ames 7-04 models was 4.25 degrees, whereas the the
Boeing W27 configuration was 6.25 degrees.

The first section with constant axial dimension begins to cut through the leading edge of the wing (Fig a7).
The Boeing w27 geometry is very different from the baseline and Ames configurations. The wing incidence
and/or fuselage camber has resulted in the large geometrical shift shown. A lower surface cusp in the Boeing
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W27 is also evident in the figure. The pressure distributions for the two optimized configurations show
more lift than the baseline. It is somewhat surprising that the large geometrical differences in the optimized
configurations have similar pressure distributions at this station. The next station (Fig 98) shows that the
optimized configurations produce more lift, and possibly thrust, near the wing leading edge than the baseline
configuration. The Boeing W27 configuration has considerable droop at this station, which is partly responsible
for a larger angle of attack to attain the design CL than the baseline or Ames models. The Ames 7-04
configuration continues to have more leading edge lift at x=1730 than the Boeing W27 configuration. The
wavy surface of the Boeing W27 configuration is seen in both the geometry and pressure distributions in Figs
98 and 99.

The oblique shock on the upper surface is seen in the pressure distributions in Figs 100-104. The shock
is clearly stronger for the Ames 7-04 than the Boeing W27 or baseline configurations. The cut at x=2350
(Fig 104) intersects only the outboard nacelle. The geometry shows the outer portion of the nacelle and
diverter for reference to the geometrical shape computed, but only the pressures on the lower wing surface
are shown. The increase in pressures from the outboard nacelle shocks are seen in the lower surface pressures.
The next two stations cut through both nacelles (Figs 105 and 106). In these figures, it is apparent that only
lower surface pressures are shown, since pressures are not shown in the region of the diverters. These stations
show increased pressures on the lower surfaces of the optimized wings resulting from the nacelle shocks. This
Increase in pressure results in lift which may provide thrust or a reduction in drag if the pressures act on a aft
facing surface. :

Streamwise pressures and geometry are shown in Figs 107-113. The first station, near the wing root, shows
the increased lift in the leading edge region. The pressures have small oscillations near the leading edge, due
to scalloping of leading edge resulting from the unstructured grid generator connecting closest points, and
the slicing routine to sample the unstructured data set. These oscillations are most severe on the Boeing
W27 configuration. The enlarged leading edge of W27 in Fig 108 shows a lower surface cusp and non-smooth
geometry, resulting from the CAD definition of the configuration. This cusp and the leading edge droop result
i fairly rapid changes in the lower surface pressures near the leading edge (Figs 109 and 110). A large change
In pressures is seen aft of the lower surface shocks from the combined nacelle shocks (Fig 111). The optimized
models have higher pressures in this region resulting more lift. The Boeing W27 configuration is reflexed
upward in this region, which should result in thrust or reduced drag. Whereas the Ames 7-04 model is not
reflexed up in this region. The Ames optimization procedure did not allow the the trailing edge to reflex
upward.

22 Concluding Remarks and Summary Figures

The two optimized configurations were found to have superior performance characteristics relative to the
baseline Reference H configuration. The experimental lift/drag ratio (L/D) of the two optimized configurations
and the baseline wing/body and complete configurations are shown in Figs 114 and 115, respectively. The
Ames 7-04 wing/body configuration has a substantial improvement relative to the baseline, whereas the Boeing
W27 _configuration shows a lessor improvement than the Ames model (Fig 114). The improvements are over
a broad range of lift coefficients with the maximum at the design CL. The improvements in L/D are realized
with nacelles and diverters present, but the improvement is less for the Ames model, and greater for the Boeing
W27 configuration relative to the wing/body increments (compare Figs 115 with 114).

Excellent drag correlations between AIRPLANE and experiment were found for the Ames 7-04 and baseline
configurations, but poorer correlations were obtained for the Boeing W27 model. A bar chart of the drag count
increments between AIRPLANE and experiment at the cruise lift coefficient is shown for the two optimized
and baseline configurations in Fig 116. The increments at zero lift are shown in Fig 117. The results are better
at zero lift than at CL = .12.

The experimental data was shown to have scatter in the angle of attack measurements and drag coefficient
measurements. The short term repeatability scatter band width was found to be approximately 1 drag count.

The experimental axial and normal force coefficient measurements showed no discernible differences in the
short term repeat runs. Therefore the angle of attack measurements were deemed responsible for the 1 count
scatter in the drag data.

The axial force correlations between ATRPLANE and experiment were found to be better than the drag
correlations, providing further evidence of inaccurate experimental angle of attack measurements.

The computational and experimental performance increments for the Ames 7-04 model with and without
nacelles and diverters were found to correlate well. However, the correlation is poorer for the Boeing W27
models, owing in part to the inaccurate experimental angle of attack measurements. These increments, defined
as the difference in drag of the baseline from each optimized configuration, are shown for AIRPLANE and
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experiment in Fig 118.

Excellent nacelle/diverter installation drag correlations between AIRPLANE and experiment were obtained
for the baseline and two optimized configurations. The installation drag was the least for the Boeing W27
configuration. The changes in drag due to nacelle installation are shown in a bar chart in Fig 119,

The computational and experimental drag correlations for the three models was greatly improved when the
experimental data was re-computed using the angle of attack obtained from the ATRPLANE computations.
This further substantiates the claim that the experimental angle of attack measurements are not of the accuracy
needed to obtain accurate drag data. The change in drag counts between AJRPLANE and the re-computed
experimental data are shown in Fig 120.

The AIRPLANE performance effects of modeling the aft portion of the diverter with a rearward facing step;
truncated at the trailing edge of the wing, and a extending the diverter with a ramp tangent to the upper
surface trailing edge angle, resulted in only in a third of a count difference in drag coefficient. The drag was
less for the ramped diverter for all configurations.
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Fig 1. Photograph of the Baseline Reference H model installed in the
Langley Unitary Plan Supersonic Wind Tunnel.

(a) Upper Surface

Fig 2. Photograph of the Ames 704 model installed in the
Langley Unitary Plan Supersonic Wind Tunnel.
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Photograph of the Boeing W27 model installed in the
Langley Unitary Plan Supersonic Wind Tunnel.
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Fig 4. Component breakdown of the Baseline Reference H Configuration
used for AIRPLANE.

Fig 5. AIRPLANE surface pressure coefficients for the Ames 704
configuration, M=2.4, CL = 0.12, alpha = 4.25 degrees.
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Fig 6. AIRPLANE surface pressure-doefficients for the baseline Ref H
configuration, M=2.4, CL = 0.12, alpha = 4.25 degrees.
Fig 7. AIRPLANE surface pressure coefficients for the Boeing W27

configuration, M=2.4, CL = 0.12, alpha = 6.25 degrees.



IRPLANE surface pressure coefficients for

Fig 8. Planform views of the A
alpha=4.25 degrees.

the Ames 704 configuration, M=2.4, CL=0.12,

e coefficients for

Fig 9. Planform views of the AIRPLANE surface pressur
alpha=6.25 degrees.

the Boeing W27 configuration, M=2.4, CL=0.1%,
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Fig 10. AIRPLANE surface pressure coefficients near the nacelles and
diverters of the Ames 704 configuration, M=2.4, CL=0.12.

Fig 11. AIRPLANE lower surface

pressure coefficients without the nacelles
and diverters for the

Ames 704 configuration, M=2.4, CL=0.12.



fig 12. AIRPLANE lower surface pressure coefficient contours lines without
the nacelles and diverters for the BRmes 704 configuration,
M=2.4, CL=0.12.
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rig 13. ARPLANE W/B and W/B/N/D aerodynamic force and moment coefficients for
Ref H baseline and optimized configurations
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Fig 15. AIRPLANE W/B and W/B/N/D aerodynamic force and moment coefficients for
Ref H baseline and optimized configurations
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Fig 16 AIRPLANE W/B and W/B/N/D acerodynamic force ond moment coefficients for
Ref H baseline and optimized configurations
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Fig 19.

Experimental oerodynomic force and moment coefficents for
Reference H basline and optimized wing/body configurations.
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CONFIGURATION

015

010

0.0

-.005

-.010

-.015

-.020

MACH RN RUN
2.40 4012 14
240 4.005 15
240 3990 16
240 3994 22
240 39 3
240 3987 24
240 4008 3
240 3974 ¥
240 3969 37

-l
(&)
0.0 1.00 2.00 3.00 4.00
o
Fig 20. Experimental aerodynamic f

Reference H basline and optimized

]

Test 1649
Test 1849
Tesl 1549
Tesl 1848
Test 1645
Test 1849
Test 1848
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110

orce and moment coefficents for
wing/body configurations.
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SYMBOL  CONFIGURATION MACH RN RUN Doto Type

240 4012 14 LaRC UPWT Test 1643
240 4.005 15 LoRC UPYT Test 1849
240 pL ) 16 LaRC UPWT Test 1849
240 3894 = LORC UPWT Tast 1849
240 3971 3 LoRC UPWT Text 1648
240 31987 24 LORC UPWT Test 1649
W27 W/B DPERMENT 240 4008 35 LORC UPWT Test 1849
...... w27 W/B DPERUDN 3
------ 3
.30
25
.20
.15
.10
S
.05
0.0
-.05
-.10
_'15 M Dl MEN M i
.0150 0125 .0100 .0075 _ 0050 .0025 0.0 _ -.0025 -.00¢
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Fig 21. Experimentol aerodynamic force and moment coefficents for
- Reference H basline ond optimized wing/body configurations.
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SYMBO.  CONFIGURATION MACH RN RUN Dato Type

240 4012 14 LoRC UPWT Test 1649
240 4.005 15 LORC UPHT Test 1649
240 3990 15 LoRC UPWT Test 1649
240 3994 22 LoRC UPWT Tesi 1649
240 3971 23 LORC UPWT Test 1649
240 1867 24 LORC UPWT Test 1648
240 4,008 35 LoRC UPWT Test 1649
240 3974 36 LoRC UPWT Test 1548
240 3989 k) LoRC UPWT Test 1548

.005 .010 .015 .020 .025 .030 035 .040 .045 .050

rig 22. Experimental cerodynamic force and moment coefficents for
Reference H basline and optimized wing/body configurations.
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SYMBOL  CONFIGURATION MACH RN RUN  Dota Type
— REF H %/8 EXPERMENT 240 4012 14 LoRC UPWT Test 1549

Fig 23.  Experimental aerodynamic force and moment coefficents for
Reference H basline and optimized wing/body configurations.
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SYMBOL  CONFIGURATION MACH RN RUN Datc Type

REF H W/B DXPERMENT 240 s012 14 LoRC UPWT Test 1649
REF H W/B DIPERMENT 240 4005 15 LoRC UPWT Test 1649
REF H W/B EXPERMENT 2.40 3950 16 LoRC LPWT Test 1643
704 W/B DPERMENT 240 1994 22 LORC UPWT Test 1649
704 W/B DOERMENT 240 3871 23 LoRC UPWT Test 1648
704 W/B DPERMENT 240 3987 24 LORC UPWT Test 1649
w27 W/B DXPERMENT 240 4.008 35 LoRC UPWT fest 1649
W27 W/B ECERWENT 240 3974 36 LoRC UPWT Tast 1543
w27 w/B DPORMDT 240 3969 57 LoRC UPWT Test 1648
135
.130
.125
.120
.115
110
.105
100 . 1 HEAEE
.0140 .0145 .0150 .015%5 .0160 .0165 .017 0175 .0180

Co

Fig 24. .
Experimental aerodynamic force ond moment coefficents for

Reference H basline and optimized wing/body configurations.
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CONFIGURATION MACH RN RUN Dato Type
REF H W/B/N/D DXPERMENT 240 158 " LoRC UPWT Text 1649
REF H W/B/N/0 EXPERMENT 240 1986 12 LoRC UPWT Test 1849
REF H W/B/M/D EXPERMENT 240 3.989 3 LoRC UPWT Tt 1549
704 W/B/N/D EXPERMENT 240 3957 2 LaRC UPNT Test 1649
9
3957

Fis 25. Experimental aerodynamic force and moment coefficients for Ref H
baseline and optimized wing/body/nacelle /diverter configurctions.



CONFIGURATION

REF
REF
REF

H W/B/N/0 DPERMENT
H w/B/N/D EXPERIMENT
K W/B//D EXPERMENT
W/B/N/O EXPERMENT
W/B/N/0 EXPERMENT
W/B/N/D EXPERMENT
W/B/N/D EXPERMENT
W/B/N/D EXPERMENT
W/B/N/D EXPERMENT

RN

3.966

3997
3971
3.857

4.000
o

1
12
13
26
Y14
2%

41
2

015

010

005

0.0

-.005

-.010

-.015

-.020

Fig 26.

Experimental aerodynamic f
baseline and optimized wing

< -120
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orce and moment coefficients for Ref H
/body/nacelle/diverter configurations.
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CONFIGURATION
REF H W/B/N/D EXPERMENT
REF H W/B/N/D DXPERMENT

MACH RN
240 3883
240 1985
240 3980
240 L7
240 387
240 3ss?
240 3958
2.40 4.000
240 9

RUN

Dato Type

LORC UPWT Test 16485
LaRC UPWT Test 1649
LoRC UPWT Test 1849
LoRC UPHT Test 1543
LaRC UPWT Test 1649
LoRC UPWT Test 1649
LoRC UPWT Tes! 1545
LoRC UPWT Test 1543
LoRC UPWT Test 1849

.20

.13

.10

.05

0.0

-.05

-.10

-.15 L=
.0150

Fig 27.

.0100

.007

Experimental aerodynomic force and moment coefficients for Ref H

baseline ond optimized wing/body/nacelle/diverter configurations.
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SYMBOL  CONFIGURATION MACH RN RUN Dota Type

—————  REF H W/3/N/D DIPERMENT 240 3989 1 LoRC UPWT Test 1649
————  REF H W/B/W/0 DPERMENT 240 3986 12 LoRC UPWT Test 1649
———  REF H W/B/N/D DPERMENT 240 3989 13 LoRC UPHT Test 1849
240 3997 26 LoRC UPWT Test 1645
240 337 27 LoRC UPWT Test 1649
2.40 3857 28 LoRC UPWT Test 1648
2.40 3958 40 LoRC UPHT Test 1649
240 4.000 41 LoRC UPT Test 1649
------ W27 W/B/N/D EXPERNENT 2.40 3971 42 LORC UPWT Tast 1849
.30
.25
.20
.15
.10
.05
0.0
-.05
-.10
-.15

005 .010 .015.  .020 .025 .030 .035 .040 .045 .050 .0558 .060

Experimental oerodynamic force and moment coefficients for Ref H

Fig 28 | ine and optimized wing/body/nacelie/diverter configurations.
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SYMBOL

CONFIGURATION

REF H W/B/N/0 DXPERIMENT
REF H W/B/N/D DPERMENT
REF K W/B/N/D DXPERMENT
704 W/B/N/D EXPERMENT
704 W/B/N/D DXPERMENT
TO4  W/B/N/D EXPERMENT

Dato Type

LoRC UPWT Tesi 1543
LoRC UPWT Tl 1845
LORC UPWT Teat 1845
LORC UPWT Test 1849
LoRC UPWT Test 1549
LoRC UPWT Test 1548
LoRC UPWT Test 1643
LORC UPHT Test 1649
LoRC UPHT Tost 1549

Fig 29. Experimental cerodynamic force and moment coefficients for Ref H
baseline and optimized wing/body/nacelie/diverter configurotions.




SYMBOL

110

106

.100

CONFIGURATION

REF H W/B/N/D EXPERMENT
REF H W/B/N/D EXPERMENT
REF H W/B/N/D EXPERMENT
704 W/B/N/D EXPERMENT

Dato Type

LoRC UPWT Test 1648
LoRC UPWT Test 18439
LoRC UPMT Test 1643
LoRC UPWT Tesi 1849
LoRC UPWT Texl 1849

...... BRI

0140 .014

Fig 30.

.015

.0155

0160
Co

.0165 . .0170 0175 .0180

Experimental aerodynamic force and moment coefficients for Ref H

baseline and optimized wing/body/nacelie/diverter configurations.
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882

CONFIGURATION

REF # W/B/N/D DPERIMENT
REF H W/B/N/D DXPERSSENT
REF # W/B/N/0 EXPERMENT
REF H W/B/N/D ARPLANE
REFHW/B  DPERMENT
REFH W/ DXPERMENT
REFHW/S  DPERNENT
REF K W/B  ARPLANE

AIRPLANE force and moment coefficients of Ref H W/B (CAi
0.007516) compared with wind tunnel dota.

Fig 32 nd W/B/N/D (CAI




SYMBOL CONFIGURATION
— ——  REFHWEBMD EXPERMENT
o REFHWB/ND DPERMENT
o RO HW/B/ND EXPERRMENT
...... O FRFH w/B/N/D NRPUANE

-

015

010

0.0

-.005

-010 ¥

-.020

rig 32. ARPLANE force ond moment coefficients of Ref H W/B (CA = 0.006634)
ond W/B/N/D (CAi = 0.007516) compared with wind tunnel datc.
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SYMBOL

CONFIGURATION

REF H W/B/N/D EXPERSMENT
REF M W/B/N/D EXPERIMENT
REF W W/8/N/D EXPERMENT
REF H W/B/N/D ARPLANE

Data Type

LORC UPYT Test 164§
LoRT UPWT Test 1649
LaRC UPYT Tesl 1849
ARPUANE -

LORC UPIT Tt 1849
LORC UPHT Test 1549

.012

rig 33. AIRPLANE force and moment coefficients of Ref H W/B (CAi = 0.006634)
and W/B/N/D (CAi = 0.007516) compared with wind tunne! dotc.
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SYMBOL  CONFIGURATION ’ MACH RN RUN  Dato Type
REF H W/B/R/0 DXPERIMENT 240 3989 11 LaRC UPWT Test 1648

REF H W/8/N/0 EXPERMENT 240 1986 12 LORC UPWT Test 1648
REF H W/B/N/D EXPERMENT 2.40 1989 13 LORC UPWT Tast 1649
------ O REF K W/B/N/D NRPLANE 240 4,004 1 ARPUANE .
------ REFHW/E  DPIRMON 2.40 4012 14 LoRC UPWT Test 1845
------ REF HwW/B  DPORMENT 2.40 4005 15 LORC UPWT Test 1643
------ REF HW/B  DPORMENT 240 3.990 16 LORC UPWT Test 1643
— -O— RFHWD NRPLAE 240 4,000 | NRPLNE

rig 3¢. ARPLANE force and moment coefficients of Ref H W/B (CAI = 0.006634)
ond W/B/N/D (CAi = 0.007516) compared with winc tunne! dota.
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SYMBOL  CONFIGURATION MACH RN RUN Data Type

——— R H W/B/N/0 DPERMENT 240 3989 " LaRC UPWT Tesl 1649
REF H W/B/N/D EXPERMENT 240 3986 ” LoRT UPWT Test 1649
REF H W/B/N/D EXPERMENT 40 989 13 LORC UPWT Tesi 1849

------ O+ REF H W/B/N/D ARPUNE 240 4.004 i NRPLNE

------ REF M W/B  EXPERMENT 240 4012 14 LoRC UPWT Test 1049

—————— REF M w/B EXPERMENT 240 4005 15 LoRC UPHT Test 1649

‘rig 35. AIRPLANE force and moment coefficients of Ref H W/B (CAi = 0.006634)
and W/B/N/D (CAi = 0.007516) compared with wind tunnel dota.
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SYMBOL ~ CONFIGURATION MACH RN RUN Dato Type

REF H W/B/N/0 EXPERIMENT 2.0 3969 1] LORC UPWT Test 1643

REF H W/B/N/D EXPERMENT 240 3986 12 ° LoRC UPWT Test 1849

REF H W/B/N/D EXPERMENT 2.40 589 13 LoRC UPWT Test 1849
...... O--  REF H W/B/N/0 NRPLANE 2.40 4004 1 ARPUANE
------ REF M W/B  DPERMENT 240 4,012 1 LoRC UPWT Test 1849
------ REFHW/B  DXPERMENT 240 4,005 15 LORC UPWT Test 1649
...... REF HW/B  DXPERMENT 2.40 3990 186 LORC UPWT Test 1843
— -0O— REFHWE  ARPLANE 240 4.000 1 ARSLANL

.125

120

115

110

.108

.0155 .0160 .0185 .0170 0175 .0180
: Cy i

Fig 36. ARPLANF force and moment coefficients of Ref H W/B (CAi = 0.006634)
and W/B/N/D (CAi = 0.007516) compared with wind tunnel datc.
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SYMBOL  CONFIGURATION MACH RN RUN Datc Type
! —————— 704 W/B/N/D EXPERMENT 2.40 3997 26 LoRC UPNT Test 1649

2.4 3871 k4 LoRC UPWT Test 1845

240 1957 2z LoRC UPWT Text 1845

240 4.000 ¥ ARPUNE _
2.4 3.994 n LaRC UPWT Text 1849 -
240 387 23 LoRC UPHT Test 1845

240 3967 24 LoRC UPWT Tasl 1649

240 4.000 1 ARPUANE

rig 37. AIRPLANL force and moment coefficients of Ames 7-0¢ W/B (CAi = 0.006620)
*$ 77 ond W/B/N/D (CAi = 0.007500) compared with wind tunne! dota.
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SYMBOL

CONFIGURATION

704 W/B/N/D DPERMEN
704 W/8/N/D EXPERMENT
704 W/8/N/0 EXPERMENT
704 W/B/N/D ARPLANE
704 W/B  EXPERMENT
704 W/8  DXPERSENT
704 W/B  DXPERMENT
704 W/B  ARPLANE

ric 38. AIRPLANE force and moment coefficients of Ames 7-04 W/B (CAi
ond W/B/N/D (CAi = 0.007500) compared with wind tunne! dota.

Data Type

LoRC UPYT Test 1849
LaRC UPWT Test 1649
LoRC UPWT Test 1648
NRPUNE

LoRC UPWT Test 1849
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SYMBOL  CONFIGURATION MACH RN RUN Date Type

————— 714 W/B/N/D DIPERMENT 2.40 3997 2 LoRC UPYT Test 1649

704 W/B/N/D EXPERMENT 20 a9 i LORC UPWT Test 1643

704 W/B/N/D EXPERINENT 240 3957 s LoRC UPWT Test 1545
------ o 704 W/B/N/D ARPLANE 240 4,000 i NRPUNE
------ 704 W/B  DXPERMENT 240 3994 2 LoRC UPWT Test 1643
------ 704 W/ DIPERMENT 2.40 397 pAl LoRC UPWT Test 1849
------ 704 WS EXPERMENT 240 1967 24 LoRC UPHT Test 1843
— 0=  7049%/B AR 240 4000 1 ARPUNE

C

Fig 35.  AIRPLANL force and moment coefficients of Ames 7-04 W/B (CAi = 0.006620)
and W/B/N/D (CAi = 0.007500) compared with wind tunnel data. _
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SYMBOL  CONFIGURATION MACH RN RUN Oata Type

704 W/B/N/0 EXPERMENT 0 3997 % LaRC UPWT Test 1543

704 W/B/N/D EXPERMENT 240 9N 24 LoRC UPWT Test 1643

TO4 W/8/N/G EXPERMENT 240 3987 b2} LaRC UPWT Tesi 1643
------ o] 704 W/B/N/T ARPLANE 240 4,000 1 ARPLANE
------ TOA W/B  DXPERRENT 2.40 3994 2 LoRC UPWT Tesl 1549
------ oS W/B  DPERMENT 2.40 9m z LoRC UPWT Test 1549
------ 704 W/B  EXPERRENT 240 3967 b LoRC UPWT Test 1848
—-g0— Twe ARPLANE 40 4.000 1 NRPANE

AIRPLANE force and moment coefficients of Ames 7-04 W/B (CAi = 0.006620)
and W/B/N/D (CAi = 0.007500) compared with wind tunnel data.

Fig 40.
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SYMBOL  CONFIGURATION MACH RN RUN Dot Type

704 W/B/N/0 EXPERIMENT .40 3997 ki1 LoRC UPWT Test 1843
704 W/8/N/D EXPERMENT .40 pI 1) 7 LoRC UPWT Test 1845
704 W/8/5/0 EXPERNDNT .40 3337 28 (oRC UPHT Tesl 1545
------ Q- 704 W/B/N/O ARPLANE 2490 4.000 1 ARPLANE
—————— 704 w/B EXPERMENT 240 1994 74 LoRC UPWT Test 1549
------ 704 w/B EXPERBENT 40 asn 3 LaRC UPWT Test 1549
4
1

Fig 41. AIRPLANE force and moment coefficients of Ames 7-04 W/B (CAi = 0.006620)
and W/B/N/D (CAi = 0.007500) compared with wind tunnel data.
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SYMBOL  CONFIGURATION MACH RN RUN  Oata Type
704 W/8/N/D EXPERMENT 240 1997 i ] LaRC UPWT Test 1648
704 W/8,/M/0 EXPERMENT 290 i9n 7 (aRC UPWT Test 1649
704 W/8/W/D EXPERMENT 240 3887 p: ] LoRC UPET Test 1540
...... Q- 704 W/B/N/D ARPLNE 2.40 4.000 1 ARPUNE
------ 704 w/B EXPERMENT 4 3994 2 LaRC UPWT Test 1540
------ 04 W/ OXPERMENT 240 wn 23 LoRC UPWT Test 1649
______ 704 W/B XPERMENT 24 9, pL LaRC UPWT Test 1549
—_—-0— 704 W/B NRPUANE 240 4,000 ] ARPUANE
.140
135
.130
.125
-.120
115
.110
.105
100 Toonouo »
.0140 .0145 .0160 016 .0170 017 .0180
CD ’
Fig 42. AIRPLANE force and moment coefficients of Ames 7-04 W/B (CAi = 0.006620)

and W/B/N/D (CAi

= 0.007500) compared with wind tunnel data.
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SYMBOL ~ CONFIGURATION MACH RN RUN

C

Fig 43.  AIRPLANE force and moment coefficients of Boeing W27 W/B (CAi = 0.006667)
and W/B/N/D (CAi = 0.007554) compared with wind tunnel data.
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CONFIGURATION

MACH RN
280 1998
240 4.000
240 97
P2 4.000
240 4.008
24 3974
2.4 3989
249 4.000

.015

010

.005

~-.005

-.010

-.015

-.020

Fig 44.
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.130

125

120

115

110

.105

AIRPLANE force and moment coefficients of Boeing W27 W/8 (CAi

= 0.006667)
and W/B/N/D (CAi = 0.007554) compared with wind tunnel data.
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SYMBOL  CONFIGURATION MACH RN RUN Data Type

—————— W27 W/B/N/D OO FX) 1998 4 LoRC UPWT Test 1649
W27 W/B/N/D EXPERMENT 240 4.000 4 LoRC UPWT Tost 1648
w27 w/8/N/0 EXPERMENT 240 i 42 LaRC UPWT Test 1048

------ Qe W27 W/B/N/D NRPUNE 240 4.000 1 ARPLANE

------ w27 w/8  DXPERMENT 240 4.008 35 LoRC UPWT Test 1649

------ w27 w/8  DPERMENT 240 3974 38 LoRC UPWT Tam 1649

------ w27 w/8  OXPERMENT 2.40 3969 hrd LaRC UPWT Tost 1849

[

.0075 0050  .0025
Cm

. AIRPLANE force and moment coefficients of Boeing W27 W/B (CAi = 0.006667)
Fig 45-  gnd W/B/N/D (CAi = 0.007554) compared with wind tunnel data.
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SYMBOL  CONFIGURATION MACH RN RUN Data Type

w27 W/8/N/0 EXPERMENT 240 1308 40 LoRC UPWT Test 1649
W27 W/B/N/0 EXPERMENT 240 4.000 4 LaRC UPHT Test 1549
w27 w/8/M/D DPERMENT 240 39M “ LoRC UPWT Test 1549
e Oeee W27 W/B/N/O ARPNE 2.4 4,000 ! ARPLNE
—————— w27 W/ DPERMENT 2.40 4.008 b} LoRC UPWY Test 1849
w27 W/8  DPERMENT 240 1974 » LORC UPWT Test 1649
h24
1

.005 .010 .015 .020 .025 .030 .035 .040 .045 .050 .055 .060

rig 46 AIRPLANE force and moment coefficients of Boeing W27 W/B (CAi = 0.006667)
9 46- 4nd W/B/N/D (CAi = 0.007554) compared with wind tunnel dota.
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SYMBOL  CONFIGURATION MACH RN RUN Oata Type
————— W27 W/B/N/D DXPERMENT 240 3958 0 LoRC UPWT Test 1549

Fig 47. AIRPLANE force and moment coefficients of Boeing W27 W/B (CAi = 0.006667)
© 7 and W/B/N/D (CAi = 0.007554) compared with wind tunnel dota.
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SYMBOL  CONFIGURATION MACH RN RUN Dota Type

—— W27 W/B/N/D EXPERMENT 240 1998 @0 LoRC UPWT Test 1649
W27 W/B/N/0 EXPERMENT 240 4.000 4 LoRC UPWT Test 1549
W27 W/B/N/U EXPERMENT 240 n 42 LoRC UPWT Test 1543
e Qe WZT W/B/N/D NRPLNE .40 4.000 1 ANRPUANE
------ w27 ¥/8  DXPERNENT 240 4.008 3 LoRC UPWT Test 1643
------ W27 /B EXPERIMENT 240 19714 36 LaRC UPWT Tesl 1643
------ W27 W/ DXPERMENT 240 31989 57 LoRC UPWT Test 1649
—-O— WI7W/B  ARPAE 240 4000 V NRPLANE
.140
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130
125
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115 —
110
108 —
¥4
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IEREN Ry
100 D A R R ARREEEEEE ERRNERREES R R
.0140 014 .0150 .0135 0160 0165 .0170 .0175 .0180
Co

rig 48. AIRPLANE force and moment coefficients of Boeing W27 W/B (CAi = 0.006667)
and W/B/N/D (CAi = (0.007554) compared with wind tunnel data.
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Boeing Reference H Configurations, M =2.4, X = 2904.6

Wing/body computations
—6—  Boeing W27S W/B - AIRPLANE = ------ Ames 704 W/B - UPWT run 22
--#&-- Ames704 W/B-AIRPLANE = --°--- Ames 704 W/B - UPWT num 23
..... +----  RefH W/B - AIRPLANE ------  Ames 704 W/B - UPWT run 24
----------- Ref HW/B - UPWT run 14 ———— Boeing W278 W/B - UPWT run 35
........... Ref HW/B - UPWT run 15 ————  Boeing W27S W/B - UPWT run 36
........... Ref H W/B - UPWT run 16 ————  Boeing W27S W/B - UPWT run 37
.-.-\ik‘
%
023 + A
..
A"...'-“:
A
0.18
0.13
Z
O
0.08
0.03
-0.02
0.000 0.002 0.004 0.006 0.008 0.010

CA

Fig 49. AIRPLANE and experiment body-axis coefficients for the wing/body
baseline and optimized configurations, M=2.4.



Boeing Reference H Configurations, M =2.4, X = 2904.6

Wing/body computations

—6—  Boeing W27S W/B - ARPLANE = ------ Ames 704 W/B - UPWT run 22
--#--  Ames 704 W/B - AIRPLANE ---=--- Ames 704 W/B - UPWT run 23
----- +---- Ref HW/B - AIRPLANE -=--=---  Ames 704 W/B - UPWT run 24
----------- Ref H W/B - UPWT run 14 _—

----------- Ref HW/B - UPWT run 15

Ref H W/B - UPWT run 16

Boeing W27S W/B - UPWT run 35
Boeing W27S W/B - UPWT run 36
Boeing W27S W/B - UPWT run 37
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Fig 50.

*10°

ATIRPLANE and ex periment body-axis coefficients for the wing/body
baseline and opitimized configurations near CN=0.12, M=2.4.
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Boeing Reference H Configurations, M =2.4, X = 2904.6
Wing/body/nacelle/diverter computations

Boeing W27S W/B/N/D(steped) - AIRFLANE
Ames 704 W/B/N/D(ramped) - AIRPLANE
Ref H W/B/N/D (stepped) - AIRPLANE
Ref H W/B/N/D - UPWT run 11

Ref H W/B/N/D - UPWT run 12

Ref H W/B/N/D - UPWT run 13

Ames 704 W/B/N/D - UPWT run 26

Ames 704 W/B/N/D - UPWT run 27

Ames 704 W/B/N/D - UPWT run 28
Boeing W27S W/B/N/D - UPWT run 40
Boeing W27S W/B/N/D - UPWT run 41
Boeing W27S W/B/N/D - UPWT run 42

0.23

0.18

0.13

CN

0.08

0.03

1 | |

-0.02 - .
0.000 0.002

Fig 51.
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0.004 0.006 0.008 0.010

CA

AIRPLANE and experiment body-axis coefficient for the complete
baseline and optimized configurations, M=2.4.



Boeing Reference H Configurations, M =2.4, X =2904.6
Wing/body/nacelle/diverter computations

—©—  Boeing W27S W/B/N/D(steped) - AIRPLANE
==& --  Ames 704 W/B/N/D(ramped) - AIRPLANE
csesa + R

Ref H W/B/N/D (stepped) - AIRPLANE
----------- Ref H W/B/N/D - UPWT run 11

Ref H W/B/N/D - UPWT run 12
----------- Ref HW/B/N/D - UPWT run 13
------ Ames 704 W/B/N/D - UPWT run 26

------ Ames 704 W/B/N/D - UPWT run 27

------ Ames 704 W/B/N/D - UPWT run 28
Boeing W27S W/B/N/D - UPWT run 40
Boeing W27S W/B/N/D - UPWT nun 41

Boeing W27S W/B/N/D - UPWT run 42

0.14

1
1
1
)
!
1
1
A
0.13

CN

"
0.12

"
0.11 |-

W
0.10

n

u

A

u

| | | M

3.0 4.0 5.0 6.0 7.0
Fig 52.

: 9.0
CA

-3

*10
AIRPLANE and experiment body-axis coefficient for the complete
baseline and optimized configurations near CN=0.12, M=2.4.
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Drag Polar using AIRPLANE’s Angle of attack
M =2.4, Wing/body computations

—©E6—  Boeing W27S W/B - AIRPLANE
---- Boeing W27S W/B - UPWT run 36 cfd alpha

----- +----  Boeing W27S W/B - UPWT run 36 orig. alpha

0.20

0.15 ) , ..............
O L F T S ~ ;
3 0.10 , ........................ oo

0.05 P AU .. ......................

0.00
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Fig 53. Experimental drag polar of the W27 wing/body configurations
recomputed using CFD’s angle of attack, and compared with
original experimental data and AIRPLANE computations at M=2.4.
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Drag Polar using AIRPLANE’s Angle of attack
M =2.4, Wing/body computations

—6— Boeing W27S W/B - AIRPLANE
-~ -- Boeing W27S W/B - UPWT run 36 cfd alpha

----- +---- Boeing W27S W/B - UPWT run 36 orig. alpha
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Fig 54. Experimental drag polar of the W27 wing/boedy configurations
recomputed using CFD’s angle of attack, and compared with
original experimental data and AIRPLANE computations near
cruise lift at M=2.4.
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Drag Polar using AIRPLANE’s Angle of attack
M =2.4, Wing/body computations

—©—  Ames 7-04 W/B - AIRPLANE
=& --  Ames7-04 W/B - UPWT run 23 cfd alpha
----- +---- Ames 7-04 W/B - UPWT run 23 orig. alpha
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Fig 55. Experimental drag polar of the 704 wing/body configurations
recomputed using CFD’s angle of attack, and compared with
original experimental data and AIRPLANE computations at M=2.4.
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Drag Polar using AIRPLANE’s Angle of attack
M =2.4, Wing/body computations

—— Ames 7-04 W/B - AIRPLANE
----  Ames 7-04 W/B - UPWT run 23 cfd alpha

----- +----  Ames 7-04 W/B - UPWT run 23 orig. alpha
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Fig 56. Experimental drag polar of the 704 wing/body configurations
recomputed using CFD’s angle of attack, and compared with
original experimental data and AIRPLANE computations near
cruise lift at M=2.4.
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Fig 57.

Drag Polar using AIRPLANE’s Angle of attack
M =2.4, Wing/body computations

——&€— Boeing Refh W/B - AIRPLANE
= =4 -- Boeing Reth W/B - UPWT run 15 cfd alpha

----- +--- Boeing Refh W/B - UPWT run 15 orig. alpha
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Experimental drag polar of the Ref H wing/body configurations
recomputed using CFD’s angle of attack, and compared with
original experimental data and AIRPLANE computations at M=2.4.



Drag Polar using AIRPLANE’s Angle of attack
M =2.4, Wing/body computations

—06— Boeing Refh W/B - AIRPLANE
- -2 -- Boeing Refh W/B - UPWT run 15 cfd alpha
----- +----  Boeing Reth W/B - UPWT run 15 orig. alpha
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Fig 58. Experimental drag polar of the Ref H wing/body configurations
recomputed using CFD’s angle of attack, and compared with
original experimental data and AIRPLANE computations near
cruise lift at M=2.4.



Drag Polar using AIRPLANE’s Angle of attack
M =2.4, Wing/body computations

—6—  Boeing W27S W/B - UPWT run 36 cfd alpha
==& --  Ames7-04 W/B - UPWT run 23 cfd alpha

----- +---+ Boeing Refh W/B - UPWT run 15 cfd alpha
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Fig 59. Experimental drag polar of the baseline and optimized wing/body
configurations using CFD'’s angle of attack, M=2.4.
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Drag Polar using AIRPLANE’s Angle of attack
M =2.4, Wing/body computations

—©— Boeing W27S W/B - UPWT run 36 cfd alpha
=% --  Ames7-04 W/B - UPWT run 23 cfd alpha
----- +---- Boeing Refh W/B - UPWT run 15 cfd alpha
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Fig 60. Experimental drag polar of the baseline and optimizgd wigg/body
configurations using CFD’s angle of attack near cruise lift, M=2.4.
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Fig 61. Experimental colored oil flow photographs of the 704 and W27
confiqurations at cruise, M=2.4, CL=0.12.
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AMES 7-04 CONFIGURATION

Original Orientation

Current Orientation

Fig 86. AIRPLANE surface grid for the Ames 704 configuration with the
nacelles/diverters in the original and modified orientations.
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AMES 704 OPTIMIZED REF_H MODEL

———= QRIGINAL NACELLE ORIENTATION
MODIFIED NACELLE ORIENTATION

waid| L\

Fic 87. Diverter/wing intersections for the Ames 704 configuration in
planform view for the nacelle/diverters in the original and
modified orientations.
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Nacelle Orientation Aerodynamic Effects
Ames 7-04 anﬁguratiou - AIRPLANE

*
+—— Nacelles in original orientation

EETEEEE Nacelles normal to lower surface
0.1250 - -
Y
;
1% 77X 3 EETTTEIT IR PR S LOPRR POPPOPRTITPFIISPLEL I EERMLALLI R ~ .......... ll...; ..............................................................
H {4
= 4 -
0200 |-t T e N RIITITIORY HENPS sl LIRS B S i S e Ll
3] Y o
,I
.
i
Il :
0'1175 ..................................................... I'{ ................................................................................
£
II
0.1150 . L -
3.75 4.00 425 4.50 0.0160 0.0165 0.0170 0.0175 5.0 2.5 0.0 -2.5 -5.0
-3
*
a Cp Cu 10
M=240 Fig 88. AIRPLANE aercdynamic characteristics for the Ames 704 with the

nacelles/diverters in the original and modified orientations, M=2.4.
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Original Orientation

Current Orientation

F¥ig 89. AIRPLANE surface grid for the Boeing W27 configuration with the
nacelles/diverters in the original and modified orientations.
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=
(S

BOEING OPTIMIZED REF _H MODEL

—— ORIGINAL NACELLE ORIENTATION
—— MODIFIED NACELLZ ORIENTATION

Tig 9C.

planform view for the nacelle/diverters in the original and
modified orientations.

Nacelle Orientation Aerodynamic Effects
Boeing W27 Configuration - AIRPLANE

~—— Nacelles in original orientation

Nacelles normal to lower surface

Civerter/wing intersections for the Boeing W27 configuration irn

0.1250 g T
0.1225 P S T B/ N IO SURT AU ...........
0'1200 AR R R RERTETEY AERTP RSP PPTPPPFTIIY EEE o S T -;.....- ..' ......................... :...........-........... ...........
E/ : :
# - .
OQII75 |- oot e L -. ........ L% S P 41 ...... .
LN :
0.1150 . i
5.75 6.00 6.25 6.50 0.0160 0.0165 0.0170 0.0175 73 5.0 2.5 -2.5 s
a Co Cu *10
M=240 . ) . .
Fig 91 AIRPLANE aerodynamic characteristics for the Boeing W27 with the

nacelles/diverters in the original and modified orientations, M=2.4.
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Fig 92. AIRPLANE surface grid, colored by surface normal, with truncatec
and ramped diverters for the Ames 704 configuration.
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Fig 93. AIRPLANE surface grid, colored by surface normal, with truncated
and ramped diverters for the Boeing W27 configuration.
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Nacelle Diverter Fairing Aerodynamic Effects
Ames 7-04 Configuration - AIRPLANE

nacelle/diverter fairing modeled with a step

------ nacelle/diverter fairing modeled with a ramp
0.1250 :
0.1225 |-overevenens ; .............. }"”"""". “n“".n““"u:?yqﬂuq ...........
G 04200 [ S S i b
O1I75 boovmmevemeennns : ............................................................
0.1150 ‘ ‘ :
3.75 4.00 425 450 0.0160 0.0165 00170  0.0I75 50 25 0.0 25 .5
. e
a - Cp Cx 1i
M=240 ) ' ) . ) )
Fig 94. AIRPLANE aerodynamic characteristics of the Ames 704 configuration
with stepped and ramped diverter, M = 2.4.
Boeing W27 Configuration - AIRPLANE
nacelle/diverter fairing modeled with a step
------ nacelle/diverter fairing modeled with a ramp
0.1250 _
0.1225 .\ , ...............
o-l 0‘1200 ............... ;........ ... ............... o‘ o-:
OII75 1o ;”A,u““.“%.“n."n.n. PO £ SOOI -SURSY S
0.1150 : 1§
5.75 6.00 625 6.50 0.0160 0.0165  0.0170  0.0175 7.5 5.0 2.5 00 25
. %*
a Co Cu 16
M=240 ) . s . - . .
Fig 95. AIRPLANE aerodynamic characteristics of the Boeing W27 configuratior

with stepped and ramped diverter, M = 2.4.
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‘%*%%%% %,

,’C_,%

Fig 96. AIRPLANE lower surface pressure for the Ames 704 configuration with
: streamwise and spanwise cut locations superimposed, M=2.4, CL=0.12.
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AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATION
M = 2.4, Station A, X = 1330.0

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

-0.3

0.1

02

03 ] | 1 I I
0.0 25.0 50.0 75.0 100.0 125.0 150.0

Z

Fig 97. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, X=1330, station A, M=2.4, CL=0.12
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~ AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATIONS
M = 2.4, Station B, X = 1550.0

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

0.3
02 F
V
/‘ |
G 00 \
-_\
O
N\
0.1 I T \\"
",‘I
02 F
0.3 i I 1
0.0 50.0 100.0 150.0 200.0

Z

Fig 98. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, X=1550, station B, M=2.4, CL=0.12.
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AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATION
M =24, Station C, X = 1730.0

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

0.3 l L L | 1
0.0 50.0 100.0 150.0 200.0 250.0 300.0

Z

Fig 99. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, X=1730, station C, M=2.4, CL=0.1’




AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATIONS
M =24, Station D, X =1910.0

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

I

c N !
&) 0.0 A
\ ’/ |

0.1 !

0.2

0.3 L 1 I I I I
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0

Z

Fig 100. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, X=1910, station D, M=2.4, CL=0.12.
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AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATION
M =24, Station E, X =2100.0

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, o = 4.25

J

0.3

0.0 100.0 200.0 300.0 400.0

Fig 10l1. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, X=2100, station E, M=2.4, CL=0.12.



'AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATIONS
M =24, Station F, X =2208.0 ‘

—— Ames7-04,a =4.25
———— Boeing W27, a = 6.25
———— Boeing Ref H, a = 4.25

-0.3

0.3 1 | i
0.0 100.0 200.0 300.0 400.0 500.0

Z

Fig 102. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, X=2208, station F, M=2.4, CL=0.12.

951



952

ATRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATION!
M =24, Station G, X =2279.0

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

03

02 F

01 +
g oot

0.1 _

02 +

\
03 % 1 i
0.0 100.0 200.0 300.0 400.0 - 500.0 600.0
Z

Fig 103. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, X=2279, station G, M=2.4, CL=0.12



AIRPLANE COMPUTATIONS OF,,REFERENCE H CONFIGURATIONS
M = 2.4, Station H, X =2350.0

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

02

| 1 1 | |

0.3 :
0.0 100.0 200.0 300.0 400.0 500.0 600.0

Z

Fig 104. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, X=2350, station H, M=2.4, CL=0.12.
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AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATION
M =24, Station J, X = 2444.0

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

800.0

Fig 105. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, X=2444, station J, M=2.4, CL=0.12



AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATIONS
'~ M =24, Station K, X =2538.0

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

800.0

Fig 106. AIRPLANE pressure distributions and geometry for the baseline
: and optimized configurations, X=2538, station K, M=2.4, CL=0.12.
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AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATIOI\
M=24,7=12456

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

02 |

—
;:f" - S
———————

0.3 | ! I I I
1250.0 1500.0 1750.0 2000.0 2250.0 2500.0 2750.0

Y

Fig 107. AIRPLANE pPressure distributions and geometry for the baseline -
and optimized configurations, 2=124.56, M=2.4, CL=0.12.



'AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATIONS
M=24,7Z=12456

10.0

0.0

-10.0 -

N 200

-30.0

400

\

-50.0 | A | | I
1250.0 1350.0 1450.0 1550.0 1650.0 1750.0

X

Fig 108. Leading edge of the Boeing W27 geometry.
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AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATION
M=24,72=181.93

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25

0.1

(__,__
s —
0.3 { | |

1500.0 1750.0 2000.0 2250.0 2500.0 2750.0

Y

Fig 109. AIRPLANE pressure distributions and geometry for the baseline
and optimized configurations, 2=181.93, M=2.4, CL=0.12.



AIRPLANE COMPUTATIONS OF REFERENCE H CONFIGURATIONS
M=24,7=252.89

Ames 7-04, a = 4.25
Boeing W27, a = 6.25
Boeing Ref H, a = 4.25
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